Currently, most commercial supercapacitors are based on two symmetric activated carbon (AC) electrodes in organic electrolytes. 1, 2 The restriction of aqueous electrolytes is a limited operating voltage of about 1.23 V at which water decomposes. Although organic electrolytes usually can provide a high operating voltage up to 4 V, they have many disadvantages such as low ionic conductivity, high cost, tedious purification processes and flammability. On the contrary, aqueous electrolytes have merits in terms of high ionic conductivity, low cost, inflammability, and environmental benignity, which make the supercapacitors using aqueous electrolytes more attractive. To further improve the energy density of aqueous electrolyte-based supercapacitor, widening the voltage window is the key. One strategy is to select electrode materials that have high overpotentials for hydrogen and/or oxygen evolutions. Another one is to combine different positive and negative electrode materials that have well-separated potential windows to make asymmetric supercapacitors, enabling widening of the cell voltage.
Aqueous electrolyte-based asymmetric sueprcapacitors using AC as the negative electrode and various metal oxides/hydroxides or conducting polymers as the positive electrode are able to achieve a cell voltage of 1.4-2.0 V. [3] [4] [5] [6] [7] [8] Several studies indicated that metal oxides could also be used as negative electrodes in asymmetric supercapacitors. [9] [10] [11] Among metal oxides, ruthenium oxide (RuO 2 ) has very high metallic conductivity and excellent supercapacitive performance with high specific capacitance. 12 It was found that RuO 2 has a high overpotential for oxygen evolution in acid solution. 13 However, RuO 2 has a very low overpotential for hydrogen evolution in acid solution. 14 Therefore, RuO 2 has rarely been studied as the negative electrode in aqueous electrolytes for asymmetrical supercapacitors. In this letter, a symmetric aqueous supercapacitor using RuO 2 as both negative and positive electrode is built, achieving a high operating voltage of 1.6 V with high energy density and power density. The supercapacitive performance of RuO 2 has rarely been reported in neutral aqueous electrolyte. Most importantly, a RuO 2 /RuO 2 symmetric supercapacitor has been demonstrated using neutral aqueous electrolyte, which is different with most other RuO 2 reports that have only studied single electrode performance. To our best knowledge, this is the first time that a 1.6 V high voltage symmetric supercapacitor has been demonstrated by using the same metal oxide as two electrodes.
Experimental
Hydrous RuO 2 was prepared by a mild hydrothermal reaction. In a typical synthesis process, 0.1 g RuCl 3 · xH 2 O (Alfa Aesar) was added to 25 mL distilled water. After mixing, the solution was transferred to * Electrochemical Society Active Member. z E-mail: jasonxiahui@gmail.com and luli@nus.edu.sg a 30 mL autoclave and heated at 180 • C for 12 h in an electric oven for the hydrothermal reaction. The products were washed with deionized water and collected by centrifuge. The products were then dried in an electric oven at 70 • C for 24 h. The crystalline structure of the products was characterized by Xray diffraction (XRD, Shimadzu X-ray diffractormeter 6000, Cu-Kα radiation) with a scan rate of 2 • min −1 . The nanostructure of RuO 2 was investigated by transmission electron microscopy (TEM) and high resolution transmission electron microscopy (HRTEM, JEOL, JEM-2010). To prepare the electrode, 80 wt% RuO 2 , 10 wt% carbon black and 10 wt% polyvinylidene difluoride (PVDF) dissolved in Nmethylpyrrolidone (NMP) were mixed to form a slurry. The slurry was pasted on Ti foil and dried in an electric oven at 70 • C for 12 h. The loading of RuO 2 is about 0.4 mg for each electrode. The electrochemical test of individual RuO 2 electrode was performed using a threeelectrode cell with a platinum foil counter electrode and an Ag/AgCl (saturated KCl) reference electrode. The symmetric RuO 2 /RuO 2 system was investigated using Swagelok type two-electrode cells with a porous nonwoven cloth as the separator. For both three-electrode cell and two-electrode cell, 1 M Na 2 SO 4 was used as the electrolyte. All electrochemical measurements were performed using a Solartron 1287 electrochemical interface. Figure 1a shows the XRD pattern of hydrous RuO 2 synthesized by hydrothermal reaction. Three broad diffraction peaks in Figure 1 can be observed and indexed to a rutile RuO 2 phase (JCPDS 43-1027). The poor constructive diffractions are probably due to the nanocrystalline nature and the presence of defects (such as surface hydroxyl group) of hydrous RuO 2 . 15, 16 The hydrous RuO 2 presents a fine-porous structure with continuous three-dimensional framework porosity as shown in the TEM image of Figure 1b . The HRTEM image of hydrous RuO 2 shown in Figure 1c indicates the formation of nanocrystalline with a particle size in the range of 2 ∼ 3 nm.
Results and Discussion
Cyclic voltammograms (CVs) of RuO 2 electrode in various voltage windows in a three-electrode cell at a scan rate of 20 mV s −1 are shown in Figure 2 . As shown in Figure 2a , the CVs of the RuO 2 electrode exhibit similar rectangular shape in both negative window (−1 −0 V vs. Ag/AgCl) and positive window (0-1 V vs. Ag/AgCl), indicating ideal capacitive behavior. For the positive window, a current leap at the positive end of the potential window, which increases as the upper potential limit increases from 0.8 to 1.0 V (vs. Ag/AgCl), is probably due to the oxygen evolution on the electrode. For the negative potential window, the current leap at the negative end of the potential window does not increase as the lower potential limit decreases, which probably indicates that the RuO 2 electrode has a high overpotenial for hydrogen evolution. The specific capacitances of RuO 2 calecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 222.190.117.217 Downloaded on 2014-02-09 to IP culated from the CVs for different potential windows are 205.9 F g −1 (0-0.8 V), 209.6 F g −1 (0-0.9 V), 231.1 F g −1 (0-1 V), 228.2 F g −1 (−0.8-0 V), 228.8 F g −1 (−0.9-0 V), and 236.1 F g −1 (−1-0 V), respectively. It is noticed that the specific capacitance of RuO 2 in a Na 2 SO 4 electrolyte is lower than the value reported for RuO 2 in a H 2 SO 4 electrolyte. Figure 2b shows the CVs of RuO 2 with different potential limits in continuous scan from negative window to positive window. It can be seen that RuO 2 has good electrochemical stability in a very broad potential window of about 2 V in Na 2 SO 4 electrolyte. According to similar specific capacitances for both negative window and positive window, it is possible to make a symmetric supercapacitor using two RuO 2 electrodes.
The CVs of a symmetric RuO 2 /RuO 2 supercapacitor with different potential windows at a scan rate of 20 mV s −1 are shown in Figure 3a . For a low value of upper potential limit of 1.6 V, the CV exhibits a rectangular shape characteristic of a pure capacitive behavior. When the upper potential limit increases to 1.8 and 2.0 V, a current leap at the end of voltage window becomes obvious, which can be ascribed to gas evolution from positive electrode and/or the negative electrode. The potential-time curves of the individual positive electrode and negative electrode vs. the Ag/AgCl reference electrode and the potential-time curve of the full cell at a current of 1.5 mA are shown in Figure 3b . As shown in Figure 3b , when the full cell is charged between 0 and 1.6 V, the operating potential windows for the positive and negative electrode are [0.11; 0.91] and [0.11; −0.69] V vs. Ag/AgCl, respectively. It can be seen that the maximum cell voltage is limited by the positive electrode as the potential of positive electrode will exceed 0.91 V vs. Ag/AgCl when the full cell voltage increases to 1.8 or 2.0 V. As shown in Figure 2a , the irreversible oxidation of the positive electrode becomes obvious when the potential exceeds 0.9 V vs. Ag/AgCl. The successful demonstration of the high voltage symmetric RuO 2 /RuO 2 supercapacitor could be attributed to high overpotentials for both hydrogen and oxygen evolutions of the nanocrystalline RuO 2 electrode in neutral electrolyte and the nanocrystalline feature of RuO 2 . With high overpotentials for both hydrogen and oxygen evolutions, the RuO 2 electrode can work in both negative and positive windows, thus leading to a high voltage for the full cell. In addition, the nanocrystalline feature of the RuO 2 electrode provides a large surface area with large and matched specific capacitances in both negative and positive windows, making a high voltage symmetric supercapacitor with large capacitance possible. Figure 4a shows the CVs of the symmetric RuO 2 /RuO 2 supercapacitor between 0 and 1.6 V at different rates from 20 to 200 mV s −1 . The cell maintains the rectangular shape of CVs even at a high scan rate of 200 mV s −1 , indicating ideal capacitive behavior and desirable fast charging/discharging property for power devices. The galvanostatic charge/discharge curves at different current densities, as shown in Figure 4b , reveal the linear voltage-time relation, characteristic of an electric double layer capacitance. The specific capacitance, C s , of the full cell can be calculated from the charge/discharge curves according to the following equation:
where I is the current, t is the discharge time, V is the potential window (1.6 V), and m is the total mass of RuO 2 from both positive and negative electrodes. The specific energy E s and the specific power P s can be calculated using the following equations:
The specific capacitance as a function of current density and the Ragone plot of the full cell are shown in Figure 4c . The specific ca-pacitance of the full cell reaches 52.66 F g −1 at a current density of 0.625 A g −1 and decreases to 42.73 F g −1 at a current density of 12.5 A g −1 . The energy density of the symmetric supercapacitor is 18.77 Wh kg −1 at a power density of 500 W kg −1 , which is higher than that of 1.6 V AC/AC symmetric supercapcitor (10 Wh kg −1 ), 17 and is comparable to that of asymmetric supercapacitors. 3, 9, 10 Most importantly, the symmetric supercapacitor can deliver an energy density of 15.1 Wh kg −1 at a high power density of 10 kW kg −1 , which makes it promising for high power applications. Moreover, the symmetric supercapacitor exhibits acceptable cycling stability in the voltage window between 0 and 1.6 V at a current density of 2.5 A g −1 (Figure 4d ). After 2000 cycles, the symmetric supercapacitor retains a high specific capacitance of 45 Fg −1 , which is about the 92% of its initial capacitance.
Due to the high cost, RuO 2 itself may not be very promising in actual applications, but the exciting thing is that a high voltage symmetric supercapacitor can be made using neutral aqueous electrolyte and metal oxide electrodes. If this proof of concept works for RuO 2 , it could also most likely work for other metal oxides with low cost, such as Co 3 O 4 , Fe 2 O 3 , SnO 2 , and etc. It is expected that more people will explore the possibility of using other nanostructured metal oxides as electrodes to build high voltage symmetric or asymmetric supercapacitors in neutral aqueous electrolytes.
Conclusions
In summary, a symmetric supercapacitor has been built using hydrous RuO 2 as both negative and positive electrodes with a high operating voltage of 1.6 V. The symmetric supercapacitor exhibits an energy density of 18.77 Wh kg −1 at a power density of 500 W kg −1 and an energy density of 15.1 Wh kg −1 at a power density of 10 kW kg −1 . In addition to high energy density and power density, the ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 222.190.117.217 Downloaded on 2014-02-09 to IP Electrochemical and Solid-State Letters, 15 (4) A60-A63 (2012) A63 symmetric supercapacitor also exhibits good cycling stability with 92% of initial capacitance retained after 2000 cycles.
